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0039-6028/© 2015 The Authors. Published by Elsevier B.Va b s t r a c ta r t i c l e i n f oAvailable online 5 November 2015 In this article results from earlier studies have been compiled in order to compare the protection efﬁciency of
self-assembledmonolayers (SAM) of alkanethiols for copper, zinc, and copper–zinc alloys exposed to accelerated
indoor atmospheric corrosion conditions. The results are based on a combination of surface spectroscopy and
microscopy techniques. The protection efﬁciency of investigated SAMs increases with chain length which is
attributed to transport hindrance of the corrosion stimulators in the atmospheric environment, water, oxygen
and formic acid, towards the copper surface. The transport hindrance is selective and results in different corrosion
products on bare and on protected copper. Initially the molecular structure of SAMs on copper is well ordered, but
the ordering is reduced with exposure time. Octadecanethiol (ODT), the longest alkanethiol investigated, protects
copper signiﬁcantly better than zinc, which may be attributed to the higher bond strength of Cu–S than of Zn–S.
Despite these differences, the corrosion protection efﬁciency of ODT for the single phase Cu20Zn brass alloy is
equally efﬁcient as for copper, but signiﬁcantly less for the heterogeneous double phase Cu40Zn brass alloy.
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Copper is one of the oldestmetals used in human society and among
the most versatile engineering materials available. The unique proper-
ties of copper, such as appropriate formability, and high electrical and
thermal conduction have made the metal an excellent candidate in a
wide range of applications including buildings, heat exchangers, infor-
mation and communication technology, power transmission lines and
electrical contacts, just to name a few [1]. Extended performance of cop-
per for industrial applications can be achieved by addition of alloying el-
ements such as zinc, tin, aluminum, and nickel. Zinc, as the principal
alloying element of brass, is often used to enhance the mechanical
properties of copper such as strength, wear resistance, machinability,
and hardness. Depending on application, the corrosion resistance of
copper may be deteriorated by the addition of zinc. Brass alloys,
especially those with higher zinc content suffer from dezinciﬁcation
and stress corrosion cracking (SCC).
The atmospheric corrosion of copper and its alloys is the overall
result of several physicochemical reactions between the metal and its
surrounding environment. The phenomenon has gained substantial at-
tention due to the signiﬁcant impact on the performance and reliability
of this industrially important group of materials in various applications,
as well as on the economy [2]. Indoor atmospheric corrosion obeys thescopy, Max Planck Institute for
. This is an open access article undersame fundamental reactions as outdoors, however at different environ-
mental conditions. The variations in relative humidity and temperature
are less pronounced than outdoors, and the concentrations and deposi-
tion velocities of gaseous or particulate corrosion stimulators are usually
lower [3]. Indoor atmospheric corrosion is triggered by the presence of a
thin layer of water adsorbed on the surface from humidity in the air.
This process is accelerated by the presence of other corrosive stimula-
tors, especially by increased levels of organic species such as aldehydes,
carboxylic acids, and ketones due to indoor anthropogenic activities.
With time these species oxidize to form carboxylic acids at concentra-
tions that make them more abundant indoors than outdoors [3]. It has
been shown that the corrosion products that form indoors on metals
including zinc and copper can be reproduced in accelerated laboratory
exposures by addition of certain amounts of carboxylic acids to the
humidiﬁed laboratory air [4]. For this reason laboratory exposures
using humidiﬁed air with addition of the simplest carboxylic acid,
formic acid, have been extensively used to mimic and accelerate the
indoor atmospheric corrosion copper and zinc [5,6].
Various inhibitors have been applied to increase the corrosion resis-
tance of copper and its alloys in different conditions. Self-assembled
monolayers (SAMs) of organic molecules are among the most versatile
inhibitors to impede the corrosion of copper and its alloys by forming a
very thin, dense and protective layer at the surface of the metal [7,8].
Their relatively good protection efﬁciency, their ease of application, es-
pecially on very complicated shaped objects, as well as their nanometric
thickness have turned them into attractive candidates for protection of
metallic surfaces. The properties and effectiveness of such layers can bethe CC BY license (http://creativecommons.org/licenses/by/4.0/).
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[9]. The efﬁciency of SAMs in providing a protection towards corrosion
and oxidation of pure metals such as copper and zinc has been the sub-
ject of many studies and the structure of SAMs before, during and after
exposure of coated samples to different corrosive environments has
been studied extensively with different tools such as X-ray photoelec-
tron spectroscopy (XPS) [7,10,11], infrared reﬂection/absorption
spectroscopy (IRAS) [12] Raman spectroscopy [13], vibrational sum fre-
quency spectroscopy (VSFS) [14,15], electrochemistry [16], quartz crys-
tal microbalance (QCM) and nanoplasmonic sensing [17–19]. It has
been shown that SAMs consisting of long-chain hydrocarbons with ap-
propriate anchoring groups, such as thiols, can form a densely packed
monolayer on themetallic surface due to van derWaals interactions be-
tween the alkyl chains which prevents the direct access of the corrosive
stimulators to the metal surfaces [12].
In this paper, the corrosion protection efﬁciency of SAMs of
alkanethiols for the protection of copper, zinc, and Cu–Zn alloys has
been compared when the samples were exposed to humidiﬁed air con-
taining formic acid, representing an accelerated indoor atmospheric
corrosion condition. The paper is an effort to compile results from
several previously published studies into one paper in order to compare
the protection efﬁciency of the same SAMs on different substrates
[20–22]. We start with presenting the effect of octadecanethiol (from
now on shortened ODT) and shorter SAMs on protection of pure copper
and pure zinc and show how the presence of the protective layer can
change the rate of corrosion as well as the type of corrosion products
formed in comparison with the uncoated samples. It turns out that
ODT functions signiﬁcantly better on pure copper than on pure zinc.
An important follow-up question is how well ODT can protect brass
alloys. Hence, the corrosion protection effect of ODT on two types of
Cu–Zn alloys with different contents of Zn (20% and 40%) under similar
exposure conditions will be presented. By compiling results obtained
from different complementary surface and near-surface sensitive ana-
lytical tools the aim is to provide a more mechanistic description on
how ODT can protect different substrates from atmospheric corrosion.
Details of the main experimental techniques used as well as sample
preparations can be found in the following references: sample prepara-
tion of copper [14], zinc [22] and brass [20], infrared reﬂection absorption
spectroscopy (IRAS) [23], vibrational sum frequency spectroscopy (VSFS)
[14], and scanning Kelvin probe force microscopy (SKPFM) [22,24].
2. Corrosion of bare and SAM-covered copper
Corrosion of bare copper in indoor atmospheric condition has been
the subject of many studies [5,25,26]. It has been shown that IRAS as a
near-surface sensitive tool can be employed in-situ to identify different
corrosion products aswell as to quantify the rate of their formation. TheFig. 1. In-situ IRAS spectrum of bare copper after exposure to hdetails of IRAS measurements have been explained elsewhere [4]. IRAS
measurements have shown that when a bare copper surface is exposed
to humidiﬁed air (~80% RH) containing formic acid (~120 ppb, ﬁve to
ten times higher concentration than in many representative indoor at-
mospheres [27]) the main corrosion products include copper (I) oxide
or cuprite, copper formate and copper hydroxide [6]. Fig. 1 shows a typ-
ical IRAS spectrum of the bare copper after exposure to humid air and
formic acid for 22 h.
The assignments of the peaks in the IRAS spectrum include: a cuprite
(Cu2O) peak at ~648 cm−1 [5], the symmetric carboxylate stretching vi-
bration (νs) at ~1350 cm−1 [28], the in plane CH bending mode (δ) at
~1378 cm−1 [29], the antisymmetric carboxylate stretching vibration
(νas) at ~1600 cm−1, the CH stretching vibration of copper formate at
~2800 cm−1, and a peak at ~3572 cm−1 which corresponds to the OH
stretch of non-bonded OH groups in copper hydroxide (Cu(OH)2) [30,
31]. A broad band in the region of ~2800–3600 cm−1 is attributed to
stretching vibrations of water in the crystalline lattice and Cu(OH)2
[31]. Comparing this spectrum with previously published IRAS-QCM
studies on similar systems, the intensity of the cuprite peak can be
used to determine the average thickness of the formed oxide. This
value corresponds to the formation of a 14 nm thick oxide layer.
Unlike the bare copper sample which forms cuprite, copper formate
and copper hydroxide during exposure to humid air and formic acid, the
corrosion products on SAM-covered copper only include copper for-
mate and copper hydroxide, while no measurable amount of copper
oxide is formed on SAM-covered copper. As an example, Fig. 2 displays
the IRAS spectrum of a dodecanethiol-covered sample after exposure
for 159 h in the corrosive atmosphere.
It should be noted that the peaks related to the CH stretching
vibrations from SAMs are not appearing in the IRAS spectra shown
here because both spectra, taken during exposure and the background
spectrum, are acquired with the ODT-layer present, and thus the IRAS
signal from the ODT in cancelled.
The absence of copper oxide on thiol covered samples has been at-
tributed to the selective hindrance of corrosion stimulators, i.e. oxygen,
water, and formic acid, through the presence of the hydrophobic SAM-
layer covering the surface. As a result, the formation of corrosion prod-
ucts on bare and SAM-covered copper is different. It has furthermore
been shown that the rate of the formation of copper formate and copper
hydroxide on SAM-covered copper depends on the length of the hydro-
carbon chain in the self-assembled alkanethiols [6]. The established
chain length dependence on the protection efﬁciency of SAMs with
different chain lengths (CH3(CH2)XSH, X = 3, 5, 7, 11, 17) is depicted
in Fig. 3, where the growth rate of the strongest copper formate peak
at ~1600 cm−1, representing the amount of copper formate formed, is
plotted for bare copper as well as for copper protected with SAMs of
different chain length.umid air (80% RH) and formic acid (120 ppb) for 22 h [6].
Fig. 2. In-situ IRAS spectrum of the dodecanethiol covered copper after exposure to humid air (80% RH) and formic acid (120 ppb) for 159 h [6]. The negative peaks around 1600 and
3700 cm−1 originate from incomplete subtraction of gas phase water.
172 S. Hosseinpour et al. / Surface Science 648 (2016) 170–176The increased corrosion inhibition of the long-chain self-assembled
monolayers is commonly attributed to their better organization upon
adsorption at themetal surface, due to increased van derWaals interac-
tions between the alkyl chains [32]. To elucidate the effect of the chain
length on the structure and the conﬁguration of SAMs with different
chain length an extremely surface sensitive tool has been employed in
this study, vibrational sum frequency spectroscopy (VSFS). The practical
and theoretical aspects of VSFS have been extensively treated in the lit-
erature and here only the relevant concepts are brieﬂy presented
[33–35]. VSFS can be regarded as a combination of IR and anti-Stokes
Raman processes where two incident beams, a ﬁxed visible and a tun-
able IR, spatially and temporary overlap on the sample surface generat-
ing a third beam, sum frequency (SF), with its frequency equal to the
sum of the frequencies of the incoming beams. The SF intensity is en-
hanced if the IR beam is tuned to be in resonance with the molecular
vibrations at the surface. Based on the selection rules in VSFS under
the dipole approximation no SF signal is generated in centrosymmetric
media. Therefore SF is selectively generated at surfaces and interfaces
where the symmetry is broken. In systems where all the hydrocarbon
chains arewell ordered in an all-trans conﬁguration, an inversion center
between each pair of methylene groups is established, which makes
them SF inactive and thus only SF signal from the terminal methyl
(CH3) groups appear in the spectrum. In the presence of gauche defects
in the structure the broken symmetry results in the generation of SFFig. 3. The IRAS peak intensity of the antisymmetric formate stretching vibration at ~1600 cm−1
3, 5, 7, 11, 17) during exposure to humid air (80% RH) and formic acid (120 ppb) [6].signals both from the methyl (CH3) and methylene (CH2) groups. The
ratio between the signal intensity of the CH2 symmetric stretch at
2850 cm−1 and the CH3 symmetric stretch at 2875 cm−1 is therefore
a sensitive measure to the presence of gauche defects in SAMs. For
alkyl thiols that are well ordered, the CH3 signal is thus appreciably
stronger than the CH2 signal. The VSF spectra of the as prepared self-as-
sembled alkanethiols with different chain lengths on the copper surface
are comparable (Fig. 4), all consisting of a very low intensity of the CH2
peaks (e.g., see the peak at ~2850 cm−1) comparedwith the intensity of
the CH3 peaks (e.g., see the peak at ~2875 cm− 1). This indicates that
the difference in the corrosion protection efﬁciency of the SAMs with
different chain lengths observed in Fig. 3 is not related to the degree
of ordering of the SAMs with different chain lengths.
The changes in the molecular structure and conformation of investi-
gated SAMs on copper can be followed in-situ by VSFS while the sam-
ples are exposed to humid air containing formic acid. This study has
shown that prolonged exposure to the corrosive air results in an
increase in the amount of gauche defects in the structure of SAMs, as
deduced from the increase in the ratio between the intensity of the CH2
and CH3 peaks. However, unlike their -selenol terminated counterparts,
SAMs of thiols are not removed from the sample surface upon current
exposure conditions [21].
This observation explains why the selective hindrance behavior of
SAMs on copper is preserved during the entire exposure period.for bare copper and copper covered by thiols of different chain lengths (CH3(CH2)XSH, X=
Fig. 4. VSF spectra of freshly prepared hexanethiol-, dodecanethiol- and octadecanethiol-
covered copper. Experimental data are seen as empty squares, and ﬁtted curves as black
lines. All spectra are offset for clarity [6,14]. Some of the peak positions used in the ﬁttings
are marked with vertical dashed lines for visual clarity: the CH2 symmetric stretch
(at ~2855 cm−1), the CH3 symmetric stretch (at ~2875 cm−1), the CH3 Fermi resonance
(at ~2938 cm−1), and the out of plane CH3 antisymmetric stretch (at ~2965 cm−1).
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for copper under current exposure conditionswith a protection efﬁcien-
cy that increases with chain length. This is attributed to transport
hindrance of the corrosion stimulators water, oxygen, and formic acid
from the atmosphere towards the copper surface. This hindrance is
selective and results in different corrosion products on bare and on
protected copper, respectively. The molecular structure of the SAMs
seems initially well ordered, but additional studies have shown that
the SAMs become less well ordered with exposure time [6]. The
question is next how well the alkanethiols can protect a pure zinc
surface under similar exposure conditions.
3. Corrosion of bare and ODT-covered zinc
Similar to the studies of copper corrosion with and without SAMs,
atmospheric corrosion of bare zinc and ODT-covered zinc in humid air
containing formic acid is presented next. Based on IRAS, themain corro-
sion products have been identiﬁed as zinc formate of slightly varying
identity, depending on surface and exposure conditions [22]. In Fig. 5
the IRAS peak intensity of the antisymmetric peak from zinc formateFig. 5. The IRAS peak intensity of the antisymmetric zinc formate stretching vibration for bare
[6,22]. Corresponding data points for ODT-covered copper from Fig. 3 are re-plotted.(at ~1605 cm−1) [36] is plotted against the exposure time for both
bare and ODT-covered zinc. For bare zinc a rapid initial increase of the
peak intensity is observed for about 2 h of exposure, after which the
curve reaches amore constant slope, corresponding to an approximate-
ly constant zinc formation rate. This is due to the adhesive and succes-
sively more protective nature of the corrosion products which initially
are formed on the zinc surface. As further inferred from Fig. 5, the for-
mation rate of corrosion products on ODT-covered zinc is considerably
reduced compared to bare zinc in the beginning of the exposure. Similar
to bare copper, this is due to the inhibiting effect of ODT. After a short
incubation period the rate of formation of corrosion products on ODT-
covered zinc increases slowly and becomes more or less constant. A
comparison of the protection efﬁciency of ODT on zinc and on copper
(re-plotted from Fig. 3) clearly shows the superior protection ability of
ODT on copper than on zinc. The increased amount of corrosion prod-
ucts on ODT-covered zinc after the ﬁrst 20 h of exposure may even
exceed the amount on bare zinc. This has been explained by galvanic
effects, caused by the possible local removal of the ODT monolayer on
zinc, whereby local unprotected zinc acts as an anodic area surrounded
by ODT-covered zinc acting as a cathodic area. The enhanced local for-
mation of corrosion products at these anodic sites has been supported
by optical microscopy observations [22,37].
ODT forms a well ordered layer on both zinc [38] and copper [14],
and thus the initial molecular structure cannot be the reason for the
faster corrosion of zinc. Previous studies have shown that the adsorp-
tion of thiols on copper and zinc results in the formation of Cu–S
bonds [39] and of Zn–S bonds [38] respectively. The fact that the thiols
are locally removed on zinc to a greater extent than on coppermay then
be related to the difference in bond strength between Cu–S and Zn–S.
This assumption is indeed supported by the reported bond dissociation
energy for Cu–Swhich is signiﬁcantly higher (274.5±14.6 kJ/mol) than
for Zn–S (224.8 ± 12.6 kJ/mol) [40].
To summarize, ODT and other alkanethiols clearly exhibit better
corrosion protection efﬁciency on copper thanon zinc.With such differ-
ences in protection efﬁciency between the puremetals, it is of principal
interest to explore the ability of ODT to protect Cu–Zn (brass) alloys of
different compositions. This is considered next.
4. Corrosion of bare and ODT-covered brass
For this part of the study two types of brass alloyswith different zinc
contents were selected: a single phase brass with 20 wt% zinc (denoted
Cu20Zn) and a double phase brass with 40 wt% zinc (Cu40Zn). The se-
lection of these brasses wasmotivated by the assumed different protec-
tion ability of ODT on a chemically and electrochemically homogeneous
surface (Cu20Zn) than a more heterogeneous surface (Cu40Zn). Lightand ODT-covered zinc during exposure to humid air (80% RH) and formic acid (120 ppb)
Fig. 6. AFM image of ODT-covered Cu40Zn sample after 168 h exposure to humid air
containing formic acid [20].
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tional spot-analysis by SEM/EDS as well as atomic force microscopy
(AFM)-based scanning Kelvin probe force microscopy measurements
(SKPFM) revealed the expected presence of two phases, alpha and
beta. The observed higher zinc content of the beta phase (~42 wt%)
than of the alpha phase (~38 wt%) by SEM/EDS could be related to an
observed 17 mV lower Volta potential of this phase by SKPFM [20].
The Volta potential can be regarded as ameasure of the relative nobility
of different phases from which follows that the Volta potential differ-
ence between the phases may induce micro-galvanic effects with the
beta phase being more susceptible to corrosion than the alpha phase.
In accordancewith this, the exposure of Cu40Zn to humid air containing
formic acid has been shown to result in galvanic effects where the cor-
rosion initiation occurs along the beta phase region adjacent to the
alpha phase [20]. The presence of the ODT monolayer on Cu40Zn
turns out not to affect the potential difference between the two phases
[20]. This observation suggests a uniform coverage of ODT on Cu40Zn,
whereby the ODT molecules upon adsorption are aligned similarly on
both phases and contribute with practically the same dipole moment
to the measured potential on both phases [20].
Covering the Cu40Zn sample with ODT slows down the corrosion
product formation rate due to retardation of penetration of theFig. 7. In-situ IRAS spectra of bare and ODT-covered Cu20Zn after 106 h exposure tocorrosive stimulators, i.e. water, oxygen, and formic acid toward the
sample surface. As shown in the AFM image in Fig. 6, exposure of
ODT-covered Cu40Zn to humid air containing formic acid results in
the local formation of larger corrosion products mainly at the beta
phase region adjacent to the alpha phase (phase boundaries), in qualita-
tive agreement with results for bare Cu40Zn. Optical microscopy
observations of the size and location of these corrosion products suggest
the local removal of the protective ODT monolayer from the Cu40Zn
brass sample.
On bare or ODT-covered Cu20Zn, however, such local formation of
large corrosion products is not observed, mainly due to the inherent
homogeneous and single phase structure of that brass alloy. In Fig. 7
the IRAS spectra of bare and ODT-covered Cu20Zn after 106 h of
exposure to humid air containing formic acid are displayed. The
inhibiting effect of ODT is demonstrated in this ﬁgure (lower spectrum)
through the signiﬁcantly lower amplitude of the zinc formate peaks on
the bare sample (upper spectrum).
In order to compare the corrosion protection efﬁciency of ODT on
Cu20Zn and Cu40Zn the IRAS absorbance of the main zinc formate
peak, the antisymmetric carboxylate stretching vibration (νas) at
~1600 cm−1), has been plotted versus time during exposure up to
168 h (1week), see Fig. 8. As in Fig. 5, the IRAS absorbance of the copper
formate peak obtained from ODT-covered copper during similar expo-
sure conditions is plotted as a reference. It is clearly evident from
Fig. 8 that ODT-protection of copper and of Cu20Zn is equally efﬁcient
under current exposure conditions, despite the much better ODT-
protection on copper than on zinc. This result is of principal interest
and should be the subject of further studies.
Furthermore, the protection efﬁciency of ODT on the double phase
alloy Cu40Zn is signiﬁcantly lower than that on the single phase alloy
Cu20Zn. As can be seen in Fig. 9 after 168 h of exposure very small
islands of corrosion products are observed on ODT-covered Cu20Zn.
These islands consist mainly of zinc formate as is concluded from the
IRAS spectra. In contrast, after exposure of ODT-covered Cu40Zn the
corrosion products are much more abundant. In addition, a few much
larger corrosion products can be seen on ODT-covered Cu40Zn than
on Cu20Zn, Fig. 9, which may be sites where the ODT-layer locally has
been removed from Cu40Zn. Another interesting observation is that
the rate of the formation of corrosion products on both ODT-covered
brass alloys is signiﬁcantly lower than the corrosion rate on ODT-
covered zinc (Fig. 5), despite the existence of galvanic effects seen on
Cu40Zn.
When considering all materials investigated it is concluded that the
corrosion rate, measured as the copper- or zinc formate formation rate,
onODT-covered samples under current exposure conditions up to 168 h
follows the order Zn N Cu40Zn N Cu20Zn≈ Cu.humid air containing formic acid [20]. The spectra are vertically offset for clarity.
Fig. 8. The IRAS peak intensity of the antisymmetric formate stretching vibration for ODT-covered Cu20Zn and Cu40Zn during exposure to humid air and formic acid up to 168 h. For
comparison the data points for ODT-covered copper and ODT-covered zinc from Fig. 3 are re-plotted [6,20].
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Self-assembled alkanethiols act as efﬁcient corrosion inhibitors for
copper when exposed to humidiﬁed air with addition of formic acid in
order to mimic accelerated indoor corrosion conditions.
The protection efﬁciency increaseswith chain length and is attributed
to transport hindrance of the corrosion stimulators water, oxygen, and
formic acid from the atmosphere towards the copper surface. The trans-
port hindrance is selective, which results in different corrosion products
on bare and on protected copper.
Initially the molecular structure of the self-assembled monolayers
on copper is well ordered, but the ordering is reduced with exposure
time.
The corrosion protection efﬁciency of octadecanethiol (ODT), the
longest alkanethiol investigated herein, is much better on copper than
on zinc. This is based both on actual copper- and zinc formate formationFig. 9. Optical microscopy images of ODT-covered Cu20Zn and ODT-covered Cu40Zn before ex
right) [20].rates and indications of local removal of ODT from zinc but not from
copper. A main cause for this difference may be the higher bond
strength of Cu–S than of Zn–S.
The corrosion protection efﬁciency of ODT for the single phase
Cu20Zn brass alloy is equally efﬁcient as for copper, despitemuch better
ability of ODT to protect pure copper than pure zinc. Due to the hetero-
geneous nature of the double phase Cu40Zn brass alloy ODT acts as a
much less efﬁcient corrosion inhibitor on Cu40Zn than on Cu20Zn or
pure Cu.
In all, the corrosion protection efﬁciency under current exposure
conditions increases as Zn b Cu40Zn b Cu20Zn≈ Cu.
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